Introduction
Parenteral administration of iodine-containing radio contrast media in intensive care unit (ICU) patients may be associated with development of contrast-associated acute kidney injury (CA-AKI) [1] [2] [3] . We prefer to use the term ''associated'' instead of ''contrast-induced'' AKI because in the specific ICU setting development of AKI is most probably heterogeneous in origin [4] . Besides nephrotoxicity caused by contrast media, factors such as sepsis, hypotension, hypovolemia, and nephrotoxicity by, e.g., antibiotics may also play a role in the pathogenesis of AKI. When CA-AKI occurs it may have an important impact because it is associated with worse outcomes such as increase in length of hospital stay, complications, cost, and mortality. Levy et al. [5] assessed in their hallmark study the association of occurrence of CA-AKI and mortality. Even after correction for covariates they found an association of CA-AKI and death (odds ratio 5.5). This has since been reproduced by others in various settings [6] [7] [8] [9] [10] [11] [12] [13] .
The incidence of CA-AKI ranges between 0 and 50% depending on the case mix and the definition for CA-AKI that is used [1, 3, 4, 14, 15] . The most commonly used definition is an increase of serum creatinine C0.5 mg/dL or C25% from baseline, assessed 48-72 h after the procedure [16] . Recently, the Kidney Disease: Improving Global Outcomes (KDIGO) group defined a modified version of the definition for AKI that was previously developed by the Acute Dialysis Quality Initiative (ADQI) and the Acute Kidney Injury Network (AKIN) (http://www.KDIGO.org) [17, 18] . This consensus defines AKI as an increase of creatinine C0.3 mg/dL within a 48-h period, or C50% compared to baseline within a 7-day period, or an episode of oliguria lasting C6 h.
In a hospital-wide study, 11% of all episodes of AKI were contrast-associated, and contrast administration was the third most important cause of AKI [19] . The incidence in intensive care unit (ICU) patients with different risk profiles for CA-AKI is reported to be between 1.4 and 61% [20, 21] .
Despite being a well-known complication, data on CA-AKI in ICU patients are scarce, come from relative small datasets, and only report on short-term outcomes [20] [21] [22] [23] [24] [25] . Therefore, the aim of this study was to assess the epidemiology and short-and long-term outcomes of CA-AKI in a large general ICU cohort.
Materials and methods

Setting and design
This is a retrospective single-centre study in a 56-bed teaching hospital ICU. The ICU consists of a 22-bed adult surgical ICU, a 14-bed medical ICU, an 8-bed cardiac surgery ICU, a 6-bed pediatric ICU, and a 6-bed burn unit.
Data collection
Data were retrieved from the electronic database of the Department of Radiology, the electronic ICU patient database management system (PDMS), the electronic patient file of the hospital, and the electronic hospital International Classification of Diseases version 9 (ICD-9) diagnosis database. 
Study population
We included all ICU patients who underwent a diagnostic or therapeutic computed tomography (CT) scan or noncoronary angiography with intravenous or intra-arterial administration of iodinated contrast media during the period 1 March 2004 through 31 December 2008 and who had data recorded in the ICU PDMS. Only the first contrast administration was considered for this analysis. We excluded patients who had another intravenous or intraarterial iodinated contrast administration within a 3-day period after the index procedure. Also excluded were patients who were treated with renal replacement therapy (RRT) at time of contrast administration, and patients who had no serum creatinine concentrations recorded immediately before contrast administration.
Processes of care
Serum creatinine is measured routinely on a daily basis, and up to four times a day on clinical indication. Preventive measures for CA-AKI are recommended in patients at risk for CA-AKI (eGFR \60 mL/min or creatinine [1.2 mg/dL) and consist of volume loading with isotonic saline or isotonic sodium bicarbonate according to the protocol of Merten et al. and/or administration of N-acetylcysteine [26, 27] .
Contrast media used during the study period were all nonionic, and iso-osmolar or low-osmolar. Angiography examinations were exclusively performed with a nonionic and iso-osmolar contrast agent (iodixanol).
Severity of illness at time of ICU admission was assessed by the APACHE II score [28] . Kidney function was assessed by serum creatinine concentration at time of ICU admission and at time of contrast administration. In addition, we estimated the glomerular filtration rate (eGFR) on the basis of the short re-expressed MDRD equation [29, 30] .
At the time of contrast administration, we recorded concomitant administration of drugs that may increase the risk for development of CA-AKI. These included diuretic agents, angiotensin-converting enzyme inhibitors (ACEI), angiotensin II receptor blockers (ARB), amphotericin B (also included were the liposomal or lipid-coated forms), aminoglycosides, nonsteroidal anti-inflammatory drugs (NSAID), and acetylsalicylic acid.
Patients who were treated with norepinephrine, epinephrine, dopamine (in doses [4 lg/kg/min), dobutamine, milrinone, or vasopressin were categorized as treated with vasoactive therapy.
Indications for renal replacement therapy (RRT) as well as the modality chosen [i.e., intermittent (duration 2-4 h per treatment session) or continuous hemodialysis (IHD/CHD), continuous veno-venous hemofiltration (CVVH), or slow extended daily dialysis (SLEDD) (duration 6-12 h per treatment session)] were determined in consensus between the attending intensivist and nephrologist [31] . Criteria for initiation of RRT for AKI included volume overload and oliguria, acidosis, hyperkalemia, uremic symptoms, or uremia [32] .
Outcomes
The primary outcome, CA-AKI, was defined as an increase of serum creatinine of 25% or 0.5 mg/dL or greater within 3 days after contrast administration [16] . Secondary outcomes included the KDIGO definition for AKI (a modification of the RIFLE and AKIN definition for AKI), defined as an increase of serum creatinine of 0.3 mg/dL or greater within a 48-h period or 50% or greater increase from baseline within 7 days [17, 18] . Baseline creatinine was the lowest of serum creatinine on ICU admission and at time of contrast administration. This alternative definition was also measured during the 3-day observation period. In addition, we recorded treatment with RRT, initiated during a 10-day period following contrast administration, length of ICU and hospital stay, and mortality at day 28, day 60, day 90, 1 year, and at time of ICU and hospital discharge.
Statistical analysis
Data are reported as count (percentage) and median (25% quartile, 75% quartile). Univariate analysis for continuous variables was with the Mann-Whitney U-test, and for categorical variables with the v 2 test. Survival analysis was performed with the Kaplan-Meier statistic and log rank test. Double-sided p \ 0.05 was considered as statistically significant.
Multivariate logistic regression analysis (enter method) was used for assessment of covariates that were associated with occurrence of CA-AKI and for covariates associated with 28-day mortality. Variables initially included in this analysis had a clinical plausible association and a p value of \0.25 in univariate analysis. Correlation tables were used to assess co-linearity between variables. Interaction between variables was also evaluated. Final models were obtained by stepwise backward and forward selection of the variables (Wald method). For the mortality model, we also used a propensity score to correct for the risk of developing CA-AKI. This propensity score was developed with the model for development of CA-AKI. The models were evaluated with a goodness of fit test (Hosmer-Lemeshow), and the area under the curve (AUC) for the receiver operating characteristic (ROC) curve.
All statistical analyses were performed with the statistical software package SPSS, version 15.0 for Windows (SPSS, Chicago, IL, USA).
Ethics approval
The study was approved by the Ethics Committee of the Ghent University Hospital and conducted in accordance with the declaration of Helsinki. Informed consent was waived for this study.
Results
During the study period 18,866 patients were admitted to the ICU. Of these, 1,419 patients met the inclusion criteria for the study [ Fig. 1 of the electronic supplementary material (ESM)]. After exclusion of 632 patients for various reasons, the final study cohort consisted of 787 patients. Median age of the patients was 59 years (46.5, 70.2), 490 were male (62.3%), and the majority were admitted to the surgical ICU [surgical ICU 600 patients (76.2%), medical ICU 159 (20.2%), cardiac surgery ICU 23 (2.9%), and pediatric ICU 5 (0.6%)]. The median length of stay between ICU admission and contrast administration was 2.6 days (1.4, 6.4). Contrast was administered for a contrast-enhanced CT scan in 619 patients (78.7%); in 168 patients (21.3%) the indication was angiography.
CA-AKI occurred in 128 patients (16.3%). Severity of AKI in the majority of patients was limited to AKI stage 1; 31 patients (24.2% of AKI patients) had severe AKI defined as AKI stage 3, of these, 14 patients (45.2%) were treated with RRT. In one-quarter of patients, duration of AKI was 2 days or less (transient azotemia). When defined by the KDIGO definition for AKI, AKI was present in 175 patients (22.2%). Compared to the definition used for the primary outcome, the KDIGO system was unable to detect 27 patients. On the other hand, KDIGO classified 74 patients as CA-AKI who remained undetected by the standard definition. Compared to the standard definition, KDIGO had a sensitivity of 78.9%, specificity of 88.8%, positive predictive value of 57.7%, and negative predictive value of 95.6%. Outcomes of patients who had CA-AKI as defined by KDIGO were comparable or even worse for relevant outcomes such as need for RRT and mortality (see Table 1 in the ESM).
Comparison of patients with and without CA-AKI Serum creatinine peaked at day 2 after contrast administration in CA-AKI patients (Fig. 1) . In patients without CA-AKI (no CA-AKI) we recorded a decrease of serum creatinine after contrast administration. Patients who developed CA-AKI were older, had a worse baseline kidney function, were more severely ill on admission, and a greater proportion were admitted to the medical ICU (Table 1 ). Higher CKD stages were associated with a higher occurrence rate of CA-AKI. The incidence of CA-AKI was comparable among patients who underwent a contrast-enhanced CT scan and those who underwent angiography (respectively 16.3 and 16.1%, p = 0.966). CA-AKI patients had a more positive volume balance and a lower urine output. At time of contrast administration, CA-AKI patients had lower hemoglobin concentration, a lower blood pressure, and a greater proportion were treated with vasoactive therapy and mechanical ventilation. They more frequently had a urinary sodium concentration below 20 mmol/L, indicating prerenal azotemia and were more often treated with diuretic therapy. Finally, a greater proportion of CA-AKI patients were treated with drugs that may enhance the risk for CA-AKI.
After backward and forward stepwise selection of covariates in a multivariate logistic regression model, serum creatinine, administration of diuretics, lowest mean arterial blood pressure, and vasoactive therapy, all at day of contrast administration, were risk factors associated with occurrence of CA-AKI (Table 2) .
Preventive measures for CA-AKI Preventive measures for CA-AKI with N-acetylcysteine or sodium bicarbonate were applied in 307 patients (39.0%) of the whole study cohort. They were more frequently applied in risk patients. In patients with an eGFR \60 mL/min at time of admission and in patients with serum creatinine [1.2 mg/dL at time of contrast administration, 130 (61.3%) and 136 patients (67.0%), respectively, received these therapies. There was a higher incidence of CA-AKI in patients who received preventive measures, especially in patients with CKD stages 1 or 2 ( Table 2 of creat Serum creatinine (mg/dL), d day, N number of recordings, 25%/75% 25th and 75th percentiles, respectively. *P \ 0.001 compared to creatinine before (Wilcoxon signed ranks test) Table 1) . They also had worse kidney function at discharge, a greater proportion had a higher creatinine concentration at discharge compared to creatinine concentration at time of contrast administration, they had a longer length of stay, worse hospital survival (Fig. 2) , mortality was significantly higher for CA-AKI patients in both strata (data not shown).
Association of CA-AKI and mortality
In univariate analysis, nonsurvivors were older, had a greater severity of illness at time of ICU admission and at time of contrast administration, were more often medical ICU patients, and had worse kidney function (Table 3) . Nonsurvivors also had a greater prevalence and severity CI Confidence interval, MAP mean arterial blood pressure, ROC receiver operating characteristic of CA-AKI. When corrected for other covariates, for development of CA-AKI (with a propensity score), and for duration and severity of CA-AKI, we found that CA-AKI was associated with 28-day mortality (Table 4) .
Discussion
CA-AKI developed in one out of six ICU patients who were administered intravenous or intra-arterial radio contrast for a noncoronary angiography or CT scan. This was associated with worse short-term and long-term outcomes. CA-AKI patients were more frequently treated with RRT for AKI and had worse kidney function at ICU discharge. Furthermore, CA-AKI was associated with greater length of ICU and hospital stay, suggesting greater cost and resource use. Finally, mortality was higher in CA-AKI patients for up to 1 year after contrast administration.
The incidence of CA-AKI in this cohort of general ICU patients was higher than that reported in several other studies on this topic [20, [22] [23] [24] , while others reported a similar or higher incidence [21, 25] . It is very difficult to compare incidences in these studies because different definitions for CA-AKI were used, and specific cohorts were examined. The higher incidence in this study may be explained by the more sensitive definition for CA-AKI used compared to that in others (creatinine increase[25% or 0.5 mg/dL compared to 0.5 mg/dL) [20, 22, 23] . Also, a relative high number of patients had risk factors for development of CA-AKI in our study cohort. On the other hand, the higher incidence of CA-AKI in the study by Huber et al. [21] (61%) may be explained by the higher risk profile for CA-AKI in that study, which included only patients with a baseline creatinine concentration of 2.5 mg/dL.
Sixteen percent of CA-AKI patients were treated with RRT, which is nearly four times as many compared to patients without CA-AKI (16.4 vs. 4.6% ). This is much higher compared to the incidence of RRT in non-ICU patients with CA-AKI, which is generally less than 1% in patients without risk factors and may increase to 4% in patients with underlying chronic kidney disease or patients undergoing primary PCI for acute coronary syndrome [4, 15, 16] . This high incidence can be explained by the greater severity of illness and resulting higher incidence of AKI in an ICU cohort. The 4% incidence of RRT in patients without CA-AKI is comparable to that reported in ICU patients [33, 34] . Greater severity of illness is probably also the main determinant for greater severity of CA-AKI with need for RRT. This finding underlines the important impact of CA-AKI on outcome and on ICU health care resources. It also underlines the need for targeted strategies for prevention of CA-AKI in ICU patients.
The alternative definition for CA-AKI, the KDIGO modified RIFLE classification, had a higher sensitivity, which resulted in a higher incidence of CA-AKI, while relevant end points, such as short-term and long-term mortality were similar. This supports the use of this definition for CA-AKI as it may allow more early detection and intervention.
CA-AKI patients had a greater number of risk factors for development of CA-AKI. These included diabetes, hypertension, worse kidney function, lower urine output, prerenal characteristics, lower hemoglobin, and administration of drugs that enhance the risk for CA-AKI. They were also more severely ill on admission and at time of contrast administration (more were treated with vasoactive therapy and mechanical ventilation and blood pressure was lower), and a greater proportion were treated in the medical ICU. Although intravenous administration of radio contrast media probably carries a lower risk for CA-AKI compared to intra-arterial administration, we found that patients who underwent a CT scan (with intravenous contrast administration) carried a similar risk for CA-AKI compared to patients who underwent angiography (predominantly intra-arterial administration).
Preventive measures for development of CA-AKI, such as administration of N-acetylcysteine or bicarbonate, were only undertaken in 60% of risk patients and were not associated with a lower occurrence rate of CA-AKI. Selection bias, resulting in administration of preventive therapy in patients who are at greatest risk for CA-AKI, may explain this. However, we cannot rule out that the complex and multifactorial pathophysiology of development of AKI in ICU patients precludes the beneficial effects of these therapies. Our data do therefore suggest the need for a prospective study on the effects of preventive measures in this specific cohort of ICU patients.
The strength of this study is that we specifically studied a cohort of ICU patients. ICU patients have a completely different risk profile for development of CA-AKI compared to non-ICU patients. Therefore, epidemiologic data on CA-AKI in, e.g., hospitalized patients or patients who have undergone coronary angiography should not be translated to ICU patients who are administered radio contrast. The epidemiology of CA-AKI in an ICU setting was described in two other studies [20, 24] . Our study is a relevant addition to these. First, the two studies described a total of 470 patients, compared to 787 patients in our study. Including a larger number of patients reduces bias and renders more relevant data. Second, both studies analyzed patients who were administered contrast in the setting of a CT scan examination. We also describe patients who underwent noncoronary angiography. Third, we did not restrict ourselves to reporting of ICU and hospital mortality but also reported on a whole set of kidney outcomes and 28-, 60-, 90-day, and 1-year mortality. Fourth, we are the first to compare the traditional and new definitions for CA-AKI. Finally, we did not restrict ourselves to a univariate comparison of patients with and without CA-AKI but provide on the basis of a very complete set of possible confounders a multivariate analysis for development of CA-AKI and six different multivariate models to evaluate the association of CA-AKI and mortality (including the use of a propensity correction). Limitations include the single-centre retrospective design. Selection bias was a consequence of the gradual introduction of the PDMS. CA-AKI had a higher incidence in the medical ICU, which also had a shorter study period. The reported data therefore probably underestimate the true incidence of CA-AKI in a general ICU. Also, it is not certain if the occurrence of AKI in this cohort of ICU patients was caused by contrast administration or was the result of the underlying disease state (e.g., sepsis) or was the consequence of both. Especially in critically ill patients, many other factors may play a role, and AKI is most likely of heterogeneous origin. Future studies should aim to demonstrate that preventive measures that are specific to one of the possible underlying etiologies (e.g., contrast exposure) also impact on these outcomes in a cohort of ICU patients. In addition, despite the extensive dataset included in this database, we could not evaluate the effects of the volume of contrast administered. Further, long-term survival was based on administrative hospital data. These are accurate because the majority of our patients have in-hospital follow-up. However, we cannot exclude that there was loss of follow-up in a small minority of patients, which may have led to an underestimation of the reported long-term mortality. Finally, the retrospective data collection also precluded recording of data on the exact amount and type of contrast media administered.
Conclusions
CA-AKI occurred in one out of six ICU patients who underwent a contrast-enhanced noncoronary radiography examination and was associated with both short-and long-term worse outcomes such as need for RRT, worse kidney function at discharge, increased length of stay in the ICU and hospital, and mortality. Preventive measures were only used in two-thirds of risk patients and did not result in a lower incidence of CA-AKI. Increasing the sensitivity of the definition for CA-AKI by use of the KDIGO modified RIFLE classification renders equal relevant outcomes and may thus help in early detection and preventive measures. 
